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Fig. 5. Possible mechanisms for the reduction in Ring1B binding
upon Oct3/4 depletion or differentiation cues. (A) Western blot
demonstrating changes in the levels of Oct3/4, Ring18, Phcl, Eed,
Suz12 and H3K27me3 after conditional deletion of Oct3/ by
tetracycline (Tc) treatment of ZHBTcd ES cells. (B} Changes in gene
expression levels for Fed, Suz12, Ezh2, Ring18, Phcl and Bmil after
tetracycline treatment (+Tc) of ZHBTcd ES cells were determined by real-
time PCR, nomalized to an Actb control and depicted as fold changes
relative to the tetracycline-untreated (~Tc) E5 cells. Error bars are based
on the s.d. derived from triplicate PCR reactions. (C) Physical interaction
of Ring18 and Oct3/4 in wild-type ES cells demanstrated by reciprocal
Immunoprecipitationimmunobiot analyses. Antibodies used for
immunoprecipitation (IF. top) and immunoblotting (18, side) are
indicated The association between Ring 18 and Oct3/4 proteins remains
Intact in the presence of ethidium bromide (+E1Br), a DNA-intercalating
drug that can disassociate proteins from DNA.

transcription, apoptosis and cell cycle (Fig. 6B). Therefore, a subset
of genes imduced by enforced Gatab activation is correlated with
those regulated by Oct3/4 and Ring 1 A/B, suggesting an extension
of the functional link to Gata6.

We then investigated whether Gata6 activation affects the levels
of Ring1B and Eed at selected Polycomb targets. Of the selecied
genes, the expression level was increased for Gata, Cdx2, Zic ] and
T, whereas it was reduced or unchanged for Hoxb8 and Hand | upon
Gatat expression (data not shown). RinglB binding was
significantly reduced irrespective of transcriptional status (Fig. 6C).
Phel and Eed binding was also reduced (Fig. 6C), consistent with
the observed reduction in protein levels (Fig. 6A). These results
indicate that Gatab activation impacts upon gene expression in
similar manner to Oct3/4 depletion. Therefore, it is likely that the
local engagement of PRCI depends on the core transcriptional
regulatory circuitry rather than solely on Oct3/4 in ES cells.

DISCUSSION

In this study, we first demonstrate that Ring 1 A/B are required to
maintain ES cells in an undifferentiated state by repressing the
expression of developmental regulators that direct differentiation
of ES cells. This process involves local inhibition of chromatin

remodeling via direct binding of PRCI, We further show that
Ring | A/B-mediated PcG silencing is hierarchically linked to the
core transcriptional regulatory circuitry and that this linkage can
be abolished by developmental cues that negatively regulate the
core circuitry (Fig. 7). Developmental regulators repressed by this
epistatic link, such as Cdx2 and Gata6, are shown 1o be
predisposed for active transcription. Active and reversible
repression by this epistatic link is important to potentiate ES cells
so that they can respond to developmental cues appropriately and,
consequently, it may underpin the maintenance of pluripotency.
Therefore, our data show that Ring 1 A/B are instrumental for the
core transcriptional regulatory circuitry to maintain ES cell
identity.

The dissociation of PRC1 as a prerequisite for
subsequent association of chromatin remodeling
components

These and previous studies suggest that PeG proteins are linked to
the core transcriptional regulatory circuitry at multiple levels (Fig.
3) (Lee etal., 2006). Oct3/4 is likely to recruit Ring | B 10 its targets
via direct interactions and also to induce the expression of PRCI
components via a transcriptional regulatory mechanism (Fig. 5).
Moreover, it is notable that Oct3/4 loss displaces RingIB from
most of its target genes, which are not necessarily functional
targets of Oct3/4 (Fig. 4C). This prompis us to postulate an activity
that modulates Ring 1B recruitment under the regulation of Oct3/4.
Indeed, the RING1 and YY1 binding protein, Rybp, potentially
fulfils such a linking role between Oct3/4 and RinglB because
Rybp is able to form complexes with both proteins (Fig. 5C)
(Wang et al., 2006). Such multiple interactions might enable
coordinated displacement of PRC1 and PRC2 from their target
genes upon distuption of the core circuitry by differentiation cues.
Since forced depletion of Ringl/A/B leads to spontaneous
differentiation of ES cells, dissociation of PRC1 from the targets
may be functionally implicated in the differentiation process. We
presume that the dissociation of PRC| and PRC2 is a prerequisite
for the subsequent association of other chromatin modifiers
such as Trithorax group proteins, which catalyze local
hypertrimethylation of H3K4 upon Oct3/4 depletion (Dou et al.,
2005; Wysocka et al., 2003). This is supported by our results
shown in Fig. 2C, and by previous experiments showing that the
SWI-SNF complex is unable to remodel polynucleosomal
templates bound by PRC1 in vitro (Shao et al., 1999). Therefore,
the global enhancement of chromatin remodeling at developmental
genes might be one of the essential events in promoting proper
differentiation of ES cells.

Implications from the reversibility of Polycomb
binding in the balance of self-renewal versus
differentiation

The reversibility of Polycomb binding to the targets regulated by
the core transcriptional regulatory circuitry and by differentiation
cues might confer self-renewing and differentiation capacities to
ES cells. Intriguingly, PcG silencing has been suggested to be
involved in the function and maintenance of tissue stem and cancer
cells, which are also characterized by both self-renewal and
differenuiation potency (Lessard and Sauvageau, 2003; Molofsky
et al, 2003; Ohta et al_, 2002; Park et al., 2003; Villa et al., 2007).
For example, Bmi/ loss promotes differentiation of hematopoietic
stem cells (HSCs) and premature senescence of neural stem cells,
whereas forced expression of Bmil enhances symmetrical cell
division of HSCs (Iwama et al., 2004; Molofsky et al., 2005).

185

I
!



1522 RESEARCH ARTICLE

Development 135 (8)

RloE
& @‘*
fFILL

(R -———

Fng il -
Pt g -

E] oo =

PAFL e e—

Lo - ———

" | [

20

¥ Input

15

10

Dvewlosmmnt

| ghtl' E

Fransenguon Agapacas Gal eyce

—

P. -

m

[

u Defdayl)
£1 =D (y2)
0 =Des (day)

Mm

B L
:
o e B i, Ty I N
HEFEE BN EELE: 1Y " % % 3 5
§asds i §38" 1§ 43" 3 §8°% 4
" g6 " F Rmgi8 ® Phct P Eed

Fig. 6. The engagement of PRC1 and PRC2 is gradually decreased upon Gataé-mediated differentiation of ES cells into primitive
endoderm lineages. (A) Western blot analysis demonstrating changes in the levels of Oct3/4, Ring1B, Phcl, Ezh2, Eed, Suz12 and H3K27me3
atter conditional activation of Gatab by dexamethasone (Dex) treatment of GEGR ES cells. Lamin B and CBB staining confirmed equal loading

(B) Significant overlap of expression profiles in Ring1A/B-dKO (day 4), Oct3/4-KO (day 1) and Gata6-differentiated (day 2) ES cells. Pearson's
correlation of expression changes for probes that belong 1o specific GO classifications are shown by bars. Functional groupings are indicated
above each graph. Error bars represent 95% confidence intervals of correlation coefficients calculated by Z transformation. (C) ChiIP analysis
shawing binding of Ring18B, Phc1 and Eed at the promoter regions of the selected target genes after Dex treatment in GEGR ES cells. The relative
amount of immunoprecipitated DNA 15 depicted as a percentage of input. Error bars represent s.d. determined from at least three independent

experiments
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Fig. 7. Schematic representation of the interaction between
Ring1A/B and the core transcriptional regulatory circuitry in
mouse ES cells, Ring1 A/B-mediated PcG silencing functions
downstream of the core transcriptional regulatory circuitry including
Oct3/4. Developmental cues, such as Gata6 activation, downregulate
the activity of the core transcriptional regulatory circuitry, which
accompanies a global decrease in PcG silencing.

Recently, it has been reported that knockdown of SUZI2 in acute
promyelocytic leukemic cells results in myeloid differentiation
(Villa et al., 2007). It is thus likely that similar molecular
mechanisms identified in ES cells that involve Ring /A/B might
operate in the maintenance and differentiation of various tissue
stem cells and cancer cells. Since Oct3/4 and Nanog are not
expressed in most somatic cells, other downstream effectors
expressed in common among the stem cells might be more directly
involved in the regulation of Polycomb binding. Altemnatively,
other factors specifically expressed in tissue and/or cancer stem
cells might substitute for the action of Oct3/4 or Nanog. Further
studies will be needed to clarify these issues.
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ABSTRACT

DNA double-strand breaks (DSBs) represent the
most toxic DNA damage arisen from endogenous
and exogenous genotoxic stresses and are known
to be repaired by either homologous recombination
or nonhomologous end-joining processes. Although
many proteins have been identified to participate in
either of the processes, the whole processes still
remain elusive. Polycomb group (PcG) proteins are
epigenetic chromatin modifiers involved in gene
silencing, cancer development and the maintenance
of embryonic and adult stem cells. By screening
proteins responding to DNA damage using laser
micro-irradiation, we found that PHF1, a human
homolog of Drosophila polycomb-like, Pcl, protein,
was recruited to DSBs immediately after irradiation
and dissociated within 10 min. The accumulation at
DSBs is Ku70/Ku80-dependent, and knockdown of
PHF1 leads to X-ray sensitivity and increases the
frequency of homologous recombination in Hela
cell. We found that PHF1 interacts physically with
Ku70/Ku80, suggesting that PHF1 promotes non-
homologous end-joining processes. Furthermore,
we found that PHF1 interacts with a number of
proteins involved in DNA damage responses,
RAD50, SMC1, DHX9 and p53, further suggesting
that PHF1, besides the function in PcG, is involved
in genome maintenance processes.

INTRODUCTION

DNA double-strand breaks (DSBs) can be caused by both
cell-intrinsic sources, such as replicalion errors or reactive
oxygen species, and a variety ol extrinsic factors, includ-
ing ionizing radiation (IR) and radiomimetic chemicals.

DSBs representing the most toxic DNA lesions, if left
unrepaired, may cause cell death and genomic instability,
Inefficient or inaccurate repair may lead to mutation
and/or chromosome rearrangement, and predisposition
to cancer (I-3). DSBs also represent obligatory inter-
mediates of physiological DNA rearrangement processes
taking place during the development and maturation of
the adaptive immune system, V(D)) recombination and
immunoglobulin (Ig) heavy-chain class switch recombina-
tion (CSR) (6). Therefore, defects in the repair of these
DNA breaks can cause profound immuno-deficiencies (7).

Eukaryotes cells have evolved two major pathways
for repairing DSBs, homologous recombination (HR) and
nonhomologous end joining (NHEJ). Both pathways
are conserved from yeast to mammals and function in
complementary ways to repair DSBs (1,5,8). During HR,
DSBs are repaired through a precise pathway that uses
homologous sequence usually provided by the sister
chromatid during replication as for template. In contrast.
NHEJ is an error-prone repair pathway that joins ends
together without the requirement for significant sequence
homology (1,5,8). Once DSBs are produced, cells trigger
a series of signaling pathway including cyele regulation,
transcription, histone modification and apoptosis that
have direct or indirect effect on DSB repair. Following
DNA damage, the DNA damage sensors ATM/ATR and
DNA-PK phosphorylate CHK1 and CHK2 to regulate
cell cycle checkpoint, phosphorylate P53 to aclivate
apoptosis signal pathway, phosphorylate H2AX and a
number of proteins involved in DSB repair such as NBSI
and SMCI (59). Besides phosphorylation of H2AX,
recently, histone ubiquitinations, acetylations and methyl-
ations have been implicated in the DNA damage
checkpoint and DSBs repair pathways (10). Although
the last few years a wealth of new information has been
produced about DSBs damage response and DNA repair,
and many novel proteins involved in the process have
been identified, the process still remains elusive.
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With the aim of identifying new [actors involved in
DSBs damage response and repair of mammalian cells,
we screened a number of proteins involved in chromatin
remodeling and regulation by using laser micro-
irradiation system (11-13). PeG proteins are epigenetic
chromatin modifiers involved in transcription regulation,
maintenance of embryonic and adult stem cells and cancer
development (14,15). PeG genes were first identified by
their requirement for the maintenance of the stable
repression of Hox genes during the development of
Drosophila  melanogaster and are highly conserved
throughout evolution. In mammals, PcG genes are also
imphcated in Homeobox (Hox) gene regulation. Their
biological activity lies in stable silencing of specific sets of
genes through chromatin modifications. Recently, emerg-
ing evidence implicates the PeG proteins in cellular
proliferation and tumorigenesis (15-18). Furthermore,
overexpression of a PeG protein, EZH2, in breast
epithelial cells reduced Rad51 paralogs both in the
mRNA and protein levels which are required for proper
HR DNA repair (19), and heterozygosity for mutations in
cither extra sex combs (Esc) or Enhance of Polycomb
[E(PC)] increases the lever of HR and enhances genome
stability in somatic cells of D. melanogaster (20).

Laser micro-irradiation makes it possible to introduce
various types of DNA damage at restricted regions in the
nucleus of a single cell and to analyze the response of
proteins to the damage with antibody by immuno-staining
or with transfected GFP-tagged proteins under micro-
scope in a real-time image. So far as laser light dose and
exposed time are extremely limited, there is no effect of
heat production. The major product of irradiation with
UVA laser light is DNA damage, because UVA laser light
is ecither absorbed directly by DNA or by photosensitizers
around DNA creating radicals, which attack DNA.
Therefore, major types of DNA damage produced by
UVA laser irradiation are oxidative ones, and with
increasing laser dose and by addition of photosensitizers,
DNA single-strand breaks, DSBs and base damage can be
produced effectively (11,12,21).

For the reason that both PcG proteins play important
roles in tumorigenesis, and some of PeG proteins are
shown by genetic analysis to be involved in DSBs damage
response, we analyzed whether or not PeG proteins are
directly involved in the response to DSBs. We found
that PHD finger Protein | (PHF1) is recruited rapidly to
DSBs sites, that is dependent on Ku70/Ku80, and
demonstrated that PHF1 is associated with Ku70/Ku80,
Rads0, DHX9, SMC1 and P53 besides PcG proteins.
Furthermore, knockdown of PHFI leads to X-ray
sensitivity and increases HR frequency. These data suggest
that PHF1 is involved in DSBs damage response and
may play an important role in NHEJ and maintaining
genome stability.

MATERIALS AND METHODS
Construction of plasmids for expression of various genes

Plasmids expressing human genes encoding KU70, KUS0,
XRCC4, LigaselV, Artemis, XLF, RADS52 and NBSI

were constructed by cloning cDNA amplified from HeLa
cells. PHFI (isoform 2) was amplified from a human
cDNA clone (no. MGC: BC0O08834). We modified the
multiple cloning sites of vectors EGFP-C1, EGFP-NI 1o
introduce various cDNAs attached with an in-frame Xhol
or Sall site at the start and Notl site at the stop codons.
Deletion fragments of PHF| were gencrated by PCR
amplification, and then cloned into vectors. All constructs
were verified by sequencing.

Cell lines, culture and transfection

The following cell lines were used in this study: HeLa;
V79B: XR-V15B (Ku80~'~ CHO cell line); CHO9; XR-C1
(DNA-PKes™'~ CHO cell line); XR-1 (XRCC4™'~ CHO
cell line), 1022QVAPR! (NBS |-deficient human cell line);
Flp-In-293 (Invitrogen), All cell lines were propagated in
Dulbecco’s modified-MEM (Nissui), supplemented with
I mM r-glutamine and 10% fetal bovine serum at 37°C
and 5% CO,. For suspension culture, cells were grown in
Joklik medium (Sigma) supplemented with 5% fetal bovine
serum at 37°C in spinner flask. Caps of spinner flask should
be tightly closed and density of cells was kept between 2
and —6 x los{ml_ For UVA-laser irradiation, cells were
plated in glass-bottomed dishes (Matsunami Glass) and
transfected with expression vectors using fuGene6 (Roche),
according to the manufacturer’s protocol.

Microscopy and UV A-laser irradiation

Fluorescence images were obtained and processed using
a confocal scanning laser microscopy system (FV-500,
Olympus). UVA-laser irradiation was used to induce DSBs
in cultured cells as described previously (11-13). Briefly,
cells in glass-bottomed dishes were micro-irradiated with
a 405 nm pulse laser (Olympus) along a user-defined path.
Laser was [ocused through a 40x objective lens and
the treatment dose was controlled by number of scans used.
A single laser scan at full power delivers about 1600 nW.
Cells were treated with 10nM 3-bromo-2-deoxyuridine
(BrdU) during 24h prior to irradiation. Given the
low treatment doses and the wavelength used, the influence
of the laser light on DNA is mainly indirect via photo-
sensitization of natural or added (BrdU) chromophores
near the DNA within cell. The irradiation dose was fixed
in the experiments as 500 scans in the presence of BrdU,
which produces more than 10% DSBs per cell, which cor-
responds to 30 Gy of X-ray irradiation to a human cell.
The number of DSBs was determined by comparison of
the number of YH2AX produced by laser micro-irradiation
with that produced by X-Ray irradiation, based on the
method reported before (48).

Immunofluorescence

Cells were fixed in cold methanol/acetone (1:1) for 10min
at —=20°C and probed with mouse anti-PHF1 (1:30; MO1,
Abnova), mouse anti-yH2AX (1:400; jbwl03, Upstate).
The secondary antibody used was Alexa fluor 594
anti-mouse  1gG  (1:400; molecular Probes). Nuclear
DNA was stained with 4'6'-diamidino-2-phenylindole
(DAPI; 0.5 pg/ml, Wako). Fluorescence microscopy was
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performed using the same microscopy as used in laser
micro-irradiation.

Immunoblotting

Cells were sonicated in lysis buffer (50mM Tris-HCl, pH
7.5, 0.15M NaCl, 0.5% NP-40, | mM EDTA) supple-
mented with protease inhibitor (complete, EDTA-free,
Roche) and cleared by centrifugation. Proteins were
separated by SDS/PAGE, electroblotted and detected
with the following antibodies: mouse anti-PHF1 (1:1000;
MOI, Abnova), mouse anti-Ku70 (1:3000; N3HI0,
Sigma), mouse anti-FLAG (1:3000; F-3165, Sigma), goat
anti-actin (1:2000; 1-19, Santa Cruz Biotechnology),
mouse  anu-P53  (1:1000; DO-1, Santa Cruz
Biotechnology), rabbit anti-RbAP46 (1:1000; PA1-868,
ABR) and rabbit anti-SMCI (1:1000; BL308, Bethyl). The
secondary antibodies used were from Santa Cruz
Biotechnology: anti-rabbit IgG-HRP (1:3000, sc-2004),
anti-mouse IgG-HRP (1:3000, s¢-2005) and anti-goat 1gG-
HRP (1:3000, sc-2056).

Stable cell lines

Stable isogenic cell lines expressing either PHF1 or Ku80
tagged with a FLAG-HA were established using Flp-In
system (Invitrogen), according to the manufacturer’s
protocol. Briefly, we modified pcDNAS/FRT vector
(Invitrogen) to introduce various cDNAs attached with
an in-frame Xhol site at the start and Notl site at the stop
codons and put two different epitope tags in tandem
(FLAG-HA) on the 5-terminus of cloning site. Flp-1n-293
cells were cotransfected with a 1:9 ratio of pcDNA/
FRT:pOG44 and selected with hygromycin. Hygromycin-
resistant cell clones were picked up and expanded. Target
protein expression was verified by immunoblotting.
Control cell line was generated by transfecting Flp-In-
293 cells with pcDNAS/FRT blank vector containing
Flag-HA tags. To generate V15B cells stably expressing
Ku80, VI5B cells were transfected with plasmud of
pcDNA3.I-His-Ku80 using fugene6. The transfectants
were selected by zcocin (500 pg/ml) and confirmed by
immunoblotting using anti-Ku80 antibody.

Immunoprecipitation and nanoLC/MS/MS

Cells were sonicated in lysis buffer (50 mM Tns-HCI, pH
7.5, 0.15M NaCl, 0.5% NP-40, |mM EDTA) supple-
mented with protease inhibitor (complete, EDTA-free,
Roche). Lysates were incubated on ice in the presence of
20 pg/ml ethidium bromide (EtBr) for 1 h and cleared by
centrifugation, and then the supernatants were collected,
Immunoprecipitation was carried out with anti-FLAG
M2 affinity gel (A2220, Sigma), according to the
manufacturer’s protocol. Proteins were eluted by lysis
buffer containing 100pg/ml FLAG peptide (F3290,
Sigma). Eluted proteins were detected by immunoblotting.
For mass spectrometry, a large-scale suspension culture
was carried out. Cells were grown in Joklik medium
(Sigma) to 11 kept between 2 and —6 x 10°/ml. cells were
collected and lysated for immunoprecipitation. Eluted
proteins were separated on a 12.5% polyacrylamide gel
and stained using a Wako Mass silver stain kit

191

Nucleic Acids Research, 2008, Vol. 36, No. 9 2941

Gel slippage was reduced by 100mM DTT and alkylated
by 100mM idoacctamide. After washing, the gels were
incubated with trypsin overnight at 30°C. Recovered
peptides were desalted by Ziptip c18 (Millipore). Samples
were analyzed by nanoLC/MS/MS systems (DiNa HPLC
system KYA TECH Corporation/QSTAR XL Applied
Biosystems). Mass data acquisitions were piloted by
Mascot software (30),

Generation of a stable PHF 1 knockdown cell line
and colony formation assay

Short hairpin siRNA constructs with 21 ribo-nucleotide
sequences [rom PHFL. Oligo-ribo-nucleotides were
synthesized and cloned into the psiRNA-h7SKzeo Gl
vector (Invivogen). The PHF1 siRNA vector and control
vector (psiRNA-h7SKz-Luc, Invivogen) were transfected
into HeLa cells by fuGene6 (Roche). Stable transfectants
were selected in the presence of 300pg/ml zeocin.
Knockdown of PHFI was detected by immunoblotting
and real-time PCR. Among the siRNA constructs only
one sequence (122-GGACTGATGGGCTGCTATACT)
had an effect on the expression of PHF1 in HeLa cell. For
the colony formation assay, cells were plated in duplicate
at 400 cells/6em dishes. Eight hours after plating, cells
were irradiated with X-ray. Eight days later, colonies were
fixed and stained with 0.3% crystal violet in methanol for
counting. Three independent experiments were carried out
and the standard errors were indicated with an error bar.

Recombination assay

Recombination assay was carried out as described
previously (29). The pCMV3nls-1-scel expression vector
and the HeLa cell line, which contain a stably integrated
copy of recombination reporter vector SCneo, were kind
gifts from Dr Maria Jasin. Double strand siRNA for
PHFI and scramble were synthesized and purified by a
Silencer siRNA construction kit (Ambion) (PHF1: 5-AA
GCTTTCTCTGCCATATGGA. Scramble: 5-AAGCT
TACCGTCTCTTAACGA). The HeLa cells in 3.5¢m
dishes were transfected with 2nM siRNA for PHF 1 and
control by using Oligofect AMINE (Invitrogen). The cells
were trypsinized and counted 48 h after transfection. With
2pg pCMV3nls-I1-Scel 1 x 10° cells were electroporated
according to manufacturer’s protocol (Digital Bio, 950 V,
35ms and 2 pulse), and cells were plated in 10em dishes.
Cells were selected in | mg/ml of G418 beginning 24 h after
electroporation. The cloning efficiency was determined by
plating 1000 cells in 10 cm dishes. Colonies were fixed and
stained with 0.3% crystal violet in methanol for counting,
Three independent experiments were carried out and the
standard errors were indicated by an error bar.

Real-time PCR

Total RNA was extracted from cells by using a High Pure
RNA Isolation Kit (Roche). cDNA were synthesized by
using a First Strand cDNA synthesis Kit (Roche). Real-
time PCR was performed in triplicate using Thermal Cycler
Dice Real Time System (TaKaRa). The primer of PHF|
used in quantitative PCR were: S-TTACTGTTACT
GTGGTGGCC, §-GGTGATACAGGACAAGATGG.
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RESULTS

PHF1 was recruited to DSB sites induced
by laser micro-irradiation

We established a laser micro-irradiation system that can
induce different types of DNA damage (SSBs, DSBs and
base damage) in living cells and have investigated proteins
responding to DNA damage (11-13). We found that
proteins involved in NHE] (Ku70, Ku80. XRCC4,
Ligased, XLF and Artemis) and HR factors (Rad52 and
NBS1) are recruited to the sites by laser micro-irradiation
(Supplementary Figure 1), In an effort to find new
components in the cellular process responding 10 DSBs,
we used this system to screen a group of GFP-tagged
mouse PcG proteins, which are highly conserved through-
out evolution and involved in transcription regulation,
development, cell proliferation and tumorigenesis. We
found that mPcll, a component involved in PcG complex
PRC2. was recruited to damage site immediately afler
irradiation with 405 nm laser in the presence of BrdU
(data not shown). We observed no recruitment of other
PeG proteins including mPcl2, mPcl3, PLZF, Scmhl,
RinglA, Ringl B, Mell8 and EED (data not shown). We
isolated a human homolog of mPCll, PHFl ¢DNA,
attached it with GFP and expressed in Hela cell. We
found that both endogenous PHF! and GFP-tagged
PHE1 accumulated at the irradiated sites and co-localized
with yH2ZAX or with GFP-tagged Ku70 only after
irradiation with 500 scans in the presence of BrdU
(Figure 1A and B, see Materials and methods section)
Although GFP-PHF1 accumulates at the laser irradiated
site after 100 scans with BrdU pretreatment, the accumu-
lation was significantly weak (data not shown). As shown
in Figure 1C, GFP-PHF1 accumulates rapidly at the
irradiated sites within 1 nun after irradiation and dis-
sociates before 10min. Since PHF1 dissociates very
rapidly from DS5Bs sites, and NHEJ and HR factors
remain at damage sites more than 2-4 h after irradiation
(data not shown, 22), these data suggest that PHF1 1s an
carly factor involved in DSBs damage response.

PHF1 is recruited to the sites of laser micro irradiation
via two independent domains of the N-terminus
Tudor domain and the central region

PHF1 contains two zinc finger-like PHD (derived from the
name ‘plant homeodomain’) domains and a Tudor
domain (Figure 2A). PHD domain is found in a number
of nuclear proteins and thought to be involved in
chromatin-mediated transcriptional regulation (23); the
Tudor domain is found in several RNA-binding factors
and believed to be chromatin-binding domain
mine which domain is responsible for the recruitmer
PHF1 to laser-irradiated sites, we constructed sev
GFP-tagged PHFI deletion mutants and analyzed the
recruitment of these deletion mutants (Figure 2A). We
found that three deletion mutants of PHF| (aa 2-349, aa
81431 and aa 340-567) are all recruited 1o irradiation
sites (Figure 2B), suggesting that more than one domain
are responsible for the recruitment of PHF1. More
detailed analysis showed that both Tudor domamn and

l'o deter-

DAPI EGFP-PHF1  Anti-yHZAX

DAPI EGFP-KUTD Anti-PHF1

before 10 min

3 min

1 min

Figure 1. Recruitment of PHF] to the sites irradiated with 405nm
laser. HeLa cells were sensitized with BrdU and micro-irradiated. Five
minutes later, the cells were photographed (for GFP-tagged protein) or
fixed and stained with antibody. EGFP-tagged PHF! is recruited to
luser-irradisted sites and co-localizes with YH2ZAX. (A) Accumulation
of GFP-tagged PHF] (EGFP-PHF1) and yH2AX. (B} Accumulation of
EGFP-KUTD co-localized with endogenous PHFI. (C) Accumulation
and dissociation of GFP-PHF!at laset-irradinted sites in Hela cells
Arrows indicate the sites of irradintion.

central region (aa 340-431) are recruited to damaged sites,
but PHD domain and C-terminal domain are not
(Figure 2B). To further address the importance of Tudor
domain and central region (aa 340—431) for the recruit-
ment of PHF1 to laser-irradiated sites, we examined the
recruitment of deletion mutants of PHF1 (aa 81-349 and
422-567). As expectedly, deletion mutants of PHF1 (aa
§1-349 and 422-567) lacking both Tudor domain and
central region (an 340-431) showed no recruitment to
damaged sites (Figure 2B). It has been reported that the
two tandem Tudor domains of S3BP1 binds to methylated
lysine 79 of histone H3 in response to DNA damage
. Thus, our data show another example that Tudor
domain plays an important role in response to DNA
damage. Beside Tudor domain, the central region of
PHFI (aa 310-431) is also recruited to laser-irradiated
sites. suggesting that PHF1 possesses complexity in
response to DNA damage, which 1s not related 1o PHD
domain.

Recruitment of PHF1 is Ku70/Ku80 dependent

We tested whether or not the recruitment of PHF1 to
laser-irradiated sites 1s influenced by factors involved
in NHEJ or HR. The idea is that, iff PHF] is involved
in either NHEJ or HR pathway, its recruitment may
be influenced by the absence of upstream factors of either
pathway. PHFI1 showed normal recruitment in human
cell line 1022QVA (Nijmegen patient cells) mutated in
NBSI!, which is essential for HR (Figure 3D). PHF| was
also recruited to laser-irradiated sites in cells derived
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XR-Cl (DNA-PKcs-deficient), XR-1 (XRCC4-deficient)
(Figure 3B and C). However, PHF1 was not recruited to
rradiated sites in XR-V15B (Ku80-deficient), while
PHF1 recruited in XR-V79B (KuB0 proficient)
(Figure 3A). We gencrated a VISB cell line expressing
His-ku80, in which expression Kugo
recruitment of Ku70 to laser-irradiated site
In cell line, recruitment of EGFP-PHFI
restored (Figure 3A). Thus, this indicates that PHF]
recrutted to the sites of DSBs in a Ku70/80-dependent
manner. Like NHEJ PHF1 lo
DSBs sites both Gl and §/G2 phases (Figure 3E)
without cell-cycle dependency
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PHF1 is associated physically with ku70/ku80

Having known that the recruitment of PHFI
Ku70/Ku80-dependent, we tested whether or not PHFI
is associated with Ku70/Ku80 proteins. In order to check
the interaction, two human 293 cell lines
stably expressing either PHF1 or Ku80 fusion protein
containing FLAG-HA tags. For prevention of any
DNA-dependent association, coimmunoprecipitation was
carned out i the presence of ethidium bromide
(26,27), PHF1 was immunoprecipitated from 293 cells
extracts by using anti-FLAG antibody and the immuno-
precipitated products were analyzed by western blotting

15
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with anti-Ku70 antibody. As shown in Figure 4A, Ku70
was coimmunoprecipitated with Flag-HA-PHFI, but was
not present in control immunoprecipitants [rom the
extracts cells transfected with a blank vector
Moreover, PHF1 also coimmunoprecipitated with
FLAG-HA-KuB0 from extracts of cells transfected with
FLAG-HA-Ku80, but was not present in control immu-
noprecipitants (Figure 4B). These results indicate that
PHF1 15 associated physically with Ku70/KuR0 in the cells

ol

RNA interference of PHF1 causes cell sensitivity
to X-Ray and increases HR frequency

In light of the above data, we speculated that PHF1 might
be involved in NHEJ. Either NHEJ or HR deficiency will
lead cells to sensitivity to X-Ray or chemical reagent. In
to analyze this, we stable PHF1
knockdown line using vector-based siIRNA
approach. Characterization of the established cell line
indicates that 77% knockdown is achieved at

order generated a

cell a
about 77%
mRNA level by quantitative RT-PCR (Figure 4C), but
only 50% knockdown at the protein level (Figure 4D).
Downregulation of PHF1 causes mild cell sensitivity to
X-ray (Figure 4E). It is probably due to low cfficiency of
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Figure 4. PHF1 is associated physically with Ku70/Ku80 and may be
involved in NHEJ. (A) pcDNAS/FRT vector expressing FLAG-HA
tageed PHF1 was transfected into Flp-In-293 cells, and a clone stably
expressing FLAG-HA-PHF1 (F-PHF1) was isolated and used for
coimmunoprecipitation by anti-FLAG M2 affinity gel. A clone stably
expressing FLAG-HA 1ag alone (F-Control) was used as negative
control. (B) peDNAS/FRT vector expressing FLAG-HA tagged Ku80
was transfected into Flp-1n-293 cells, and a clone stably expressing
FLAG-HA-PHFI (F-KuB80) was isolated and used for coimmunopre-
cipitation by anti-FLAG M2 affinity gel. (C) Real-time PCR analysis of
a PHF1 stable knockdown cell line and a parallel mock knockdown cell
line, HPRT was used as the control for normalization in the real-time
PCR. (D) Immunoblotting analysis of PHF1 stable knockdown cell line
and parallel mock knockdown cell line. Actin serves as a loading
contral for mmmunoblotting. (E) PHF! knockdown cell showed
increased sensitivity to X-Ray. Cells were plated in 6cm dishes and
irrndiated with the indicated doses of ionizing irradiation.
(F) Recombination frequency in Hela cells after knockdown of
PHF1. Error bars represent standard errors

PHF1 knockdown. It has been also shown that deficiency
in NHEJ components such as Ku70, XRCC4 and
DNA-PKcs results in increased levels of HR (28).
Therefore, we tested whether or not downregulation of
PHF1 affects HR using recombination assay described
previously (29). As expectedly, downregulation of PHF1
increases HR frequency several folds (Figure 4F). These
data strongly suggest that PHFI is involved in NHE)
pathway and supports its efficiency.

PHF1 is associated with proteins responding to DNA
damage besides KU and those from Polycomb group (PeG)

If PHF1 is involved in damage response besides transcrip-
tional regulation in human cell, PHF1 can be identified in
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Figure 5. Analysis of PHFl-associated proteins in Hela cell by
proteomics. (A) Putative PHF 1-binding proteins identified by coimmu-
noprecipitation and mass spectrometry. Among identified proteins by
mass spectrometry, those related 1o DNA damage response and PeG
are indicated. Flp-1n-293 cells stably expressing FLAG-HA tagged
PHF1 was used for immunoprecipitation for FLAG. Fip-In-293 cells
expressing FLAG-HA-tag alone was used as negative control
(B) Candidate interacting proteins identified by nanol.C/MS/MS were
further confirmed using antibodies aguinst SMC1, p53 and pd6 by
1 blotting. Antibodies (1B) are indicated on the right.

a proteome other than PeG group and may have other
interacting proteins of damage response than KU. There-
fore, a proteomics approach was undertaken to identify
interacting proteins of PHF1 within human cell. A 293-cell
line stably expressing PHF1 fused with FLAG-HA tags
was used to immunoprecipitate the PHFI complex by
anti-FLAG antibody in the presence of ethidium bromide
for exclusion of DNA-associated nonspecific proteins.
Immunoprecipitated products were analyzed by SDS-
PAGE, and then silver stained (Figure 5A); bands were
excised, treated as described (30) and tryptic peptides were
analyzed by mass spectrometry (Supplementary Table 1).
It was not surprising that Suzl2, EZH2 and RBBP7
(RbAp46) were identified, consistent with a previous
report about Drosophila Pcl protein. More interestingly,
Rad50, SMCI1. DHX9 and P53, which are proteins
involved in DNA damage response and repair, were also
identified with high confidence as coimmunoprecipitants
of PHFI1. The data of mass analysis were further con-
firmed by western blotting with SMCI1, p53 and RbAp4d6
antibodies (Figure 5B). Rad50 forms a complex with
Mrell and NBSI that is essential in maintaining DNA
integrity by functioning in DSBs repair, meiotic recombi-
nation and telomere maintenance (31-33),

DISCUSSION

P¢G proteins are epigenetic chromatin modifiers involved
in gene silencing, cancer development and the mainte-
nance of embryonic and adult stem cells. During screening
of proteins responding to DNA damage by using laser
micro-irradiation we found that mPcll. a mouse homolog
of polycomb-like protein (Pcl) of the D. melanogaster,
accumulates at laser-irradiated site. It was previously
shown that the Drosaphila Pcl protein is associated with
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# | MDa complex containing the members of PG, ESC,
E(Z), SU(Z)12, p55 and RPD3, and, furthermore. Pl is
present in another unknown complex, which does not
contain any component of the 600 kDa ESC/E(Z) complex
(34). Therefore, we were interested 1n the mechanisms and
function of the damage response and isolated a human
homolog of Pcll, PHF 1. PHF1 was identified several years
ago as a human homolog of Droesophila Pcl that locates
on 6p21.3. belonging to MHC classll region (35).
Although PHFI shares significant sequence similarity to
the Drosophila Pcl, and was shown recently to be involved
in tumorigenesis and/or tumor progression of endometrial
stromal sarcoma by genetic analysis (36), its function was
still unknown, In this study, we identified PHF] as a new
component in DSBs damage response, possibly involved
in the repair pathway of DSBs.

Endogenous and GFP-tagged PHF1 were recruited
immediately to the sites irradiated with laser
micro-irradiation in Hela cells (Figure 1). Since PHFI
accumulates at the site irradiated with higher laser dose
in the presence of BrdU and PHF! neither accumulates
at the site irradiated with lower laser dose of the laser
light, nor responds to UV-irradiation (data not shown),
PHF1 is possibly involved in DSBs damage response.
Although the response of endogenous PHF1 was only
weakly shown by antibody (Figure 1), it is probably due to
low sensitivity of the antibody and/or rapid dissociation of
PHF1 from the accumulated sites as shown by the results
obtained with GFP-tagged protein (Figure 1C). PHFI did
not accumulate at irradiated sites in Ku-deficient XR-V158
cells, but it accumulated in VI5B cells expressing Ku80
(Figure 3B). These data suggest that PHF1 is recruited
under the influence of Ku proteins to DSBs. In contrast to
Ku-deficient cells, PHF 1 accumulation was not affected in
other mutant cells, which are defective in DNA-PKcs,
XRCC4 and NBS] (Figure 3C-E). We thought, therefore,
that there might be some physical and/or functional
interactions between PHF1 and Ku70/Ku80, Co-1P
experiments showed that PHF1 s indeed physically
associated with Ku70/Ku80 (Figure 4A and B). In accor-
dance with these data, siRNA-mediated downregulation of
PHF1 provided the host HeLa cells with a mild but
consistent cell sensitivity to X-ray (Figure 4E). Further-
more, the downregulation of PHFI leads the cells to an
enhanced HR frequency (Figure 4F), which provides
further evidence that PHF! is involved in DSBs repair
and supports NHE]. Like other NHEJ factors PHF] 15
recruited to DSBs sites both G1 and S/G2 phases
(Figure 3E).

PHF!1 contains two zinc finger-like PHD domains and
4 Tudor domain (Figure 2A), Tudor domain of 53BP1
interacts with methylated histones and mediates its
recruitment to DSBs sites (24). Recently, PHD domain
was shown to promole both gene expression and repres-
sion through an interaction with H3K4me3 tails (37-40).
The data reported here showed that PHD domain is
not responsible for the recruitment of PHF1 to DSBs
sites, while Tudor domain and central region of PHFI
(310-431) are responsible for the recruitment (Figure 2A).
Preliminary data suggest that neither of the domains
interacts with Ku80 (data not shown) but the whole
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PHF] interacts with Ku proteins, suggesting that accu-
mulation of PHF1 at DSBs requires Ku protein and the
two domains have individual binding activities to DSBs.
Further analysis is necessary to understand the mecha-
nisms behind the recruitment of PHF1 to DSBs.

Besides Ku70/Ku80, PHF1 is also associated with vari-
ous proteins involved in the response to DSBs and other
genomic maintenance mechanisms, RadS0, DHX9, SMCI
and pS3 (Figure 5). Rad50 forms a complex with Mrel |
and NBS| that is essential in maintaining DNA integrity by
functioning in DSBs repair, meiotic recombination and
telomere maintenance (31-33), SMC1 and SMC3 consti-
tute the core of the cohesion complexes which play an
important role in the repair of DNA DSBs from yeast to
human, and SMC1 and SMC3 also interact with Mrel -
Rad50 (41-44). DHX9 is a DNA- and RNA-dependent
helicase associated directly with y-H2AX (45). As a tumor
suppressor, p53 plays 4 central role in the DNA damage
response involved in multiple signaling pathways (46,47).
Rad50, SMCI and p53 were also demonstrated to be
recruited to DSBs sites induced by laser micro-irradiation
(44,48). The SMC1/SMC3 cohesion complex facilitates
DSBs repair by HR and holds sister chromatids together
locally at DSBs to allow strand invasion and exchange with
the sister chromatid template (41-43). Defect in Rad50
influences phosphorylation of SMCI and reduces HR
(31,49). Moreover, another binding protein of PHFI,
RbAp46 is a component of histone deacetylase complexes
and is involved in chromatin remodeling, interacts with
BRCAI (50). These data suggest that PHF | may play a role
in HR as well. Further analysis is required to understand
possible functions of PHF 1 in the damage response. While
we do not know the exact function of PHFI in the DSBs
repair yet, we demonstrated for the first time in mammalian
cells that PHF 1, as known as a PeG protein, is involved in
DSBs response and possibly in its repair.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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SUMMARY

Modulation of surface T cell antigen receptor (TCR)
expression is an important mechanism for the regu-
lation of immune responses and the prevention of
T cell hyperactivation and autoimmunity. The TCR
is rapidly internalized after antigen stimulation and
then degraded in lysosomes. However, few of the
molecules involved in this process have been identi-
fied. We demonstrate that the lysosomal protein
LAPTMS5 negatively regulated surface TCR expres-
sion by specifically interacting with the invariant sig-
nal-transducing CD3¢ chain and promoting its degra-
dation without affecting other CD3 proteins, CD3g,
CD35, or CD3y. TCR downmodulation required the
polyproline-tyrosine motifs and the ubiquitin-inter-
acting motif of LAPTMS5. LAPTMS deficiency resulted
in elevated TCR expression on both CD4*CD8" thy-
mocytes and spleen T cells after CD3 stimulation,
as well as enhanced T cell responses in vitro and
in vivo. These results identify a lysosomal protein
important for CD3{ degradation and illustrate
a unigue mechanism for the control of surface TCR
expression and T cell activation.

INTRODUCTION

The T cell antigen receptor (TCR) is a multisubunit complex com-
posed of the variable antigen-binding TCR af or yb chains non-
covalently associated with the invariant signal-transducing
CD3ye, CD38¢, and CD3LL (TCRY, CD247) chains (Kuhns et al.,
2006). TCR signaling is dynamic and regulated by multiple mech-
anisms to ensure thal appropriate signals are delivered during
T cell development and to control effector functions of mature
T cells, One important mechanism for the regulation of TCR sig-
nal strength is the modulation of its cell-surface expression (Viola

and Lanzavecchia, 1996). During T cell developmaent in the thy-
mus, surface TCR is maintained at low amounts at the CD4'8"
double-positive (DP) stage, presumably to allow for optimal
positive and negative selection, and is upregulated in CD4*
and CD8" single-positive (SP) cells that have undergone selec-
tion (Schrum et al.,, 2003). In the periphery, the TCR on mature
T cells is rapidly downmodulated upon antigen stimulation.
This downregulation is a critical process for the termination of
signal transduction and the prevention of T cell hyperactivation
and autoimmunity (Naramura et al., 2002).

The TCR undergoes constitutive internalization and is then
aither recycled back to the plasma membrane or sorted to lyso-
somes lor degradation (Liu et al., 2000; Geisler, 2004; von Essen
et al., 2004; Valitutti et al,, 1997). Modification of any of these
processes would affect steady-state TCR expression on the
cell surface (Liu et al, 2000; Geisler, 2004). Similar processes
occur after TCR triggering. but the kinetics is more rapid. In DP
thymocytes, the Src-like adaptor protein (SLAP) (Sosinowski
et al., 2000, 2001) and the RING-type E3 ubiguitin ligase Casitas
B lineage lymphoma (c-Cbl) (Naramura et al., 1998; Murphy
et al., 1998) function to promote the degradation of the internal-
ized TCR. SLAP and c-Cbl together target CD3Y for ubiguitina-
tion and degradation and thereby prevent the accumulation of
fully assembled recycling TCR (Wang et al., 2001; Myers &t al.,
2005, 2006). Deficiency of SLAP and/or ¢-Cbl results in elevated
surface TCR expression in DP thymocytes and enhanced posi
tive selection of thymocytes expressing an MHC class ll-re-
stricted TCR (Sosinowski et al,, 2001; Naramura et al,, 1998).
Inmature T cells, another Cbl family protein, Cbl-b, plays a critical
role in negatively regulating T cell activation (Bachmaier et al.,
2000; Chiang et al., 2000) and in the downmodulation of surface
TCR after CD3 stimulation (Naramura et al., 2002). Cbl-b,
together with c-Cbl, functions to direct the internalized TCR to
the lysosomal compartment for degradation by an as-yet-un-
known mechanism (Naramura et al., 2002). T cells lacking both
Chbl-b and c-Cbl are impaired in ligand-induced TCR down-
modulation and exhibit greatly enhanced responses to CD3
stimulation.

Immunity 29, 33-43, July 18, 2008 ©2008 Elsevier inc. 33
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TCR complexes are assembled in the endoplasmic reticulum
in a step-wise fashion, with the association of CD3% homodimer
as the final step (Call and Wucherpfennig, 2005), Although all of
the TCR components are required for the full assembly of the
TCR complex and its transport to the plasma membrane, CD37
can be a limiting factor that determines the surface expression
of the TCR. For example, surface TCR expression in 2B4 T cells
correlated quantitatively with CD3Z protein amounts (D'Oro
et al., 2002). Very recently, it was found that deficiency of
CD3% in humans caused severe combined immunodeficiency
by preventing normal TCR assembly and surface expression
(Rieux-Laucal et al., 2006; Roberts et al., 2007). In addition lo
its pivotal role in regulating the assembly of newly synthesized
TCR complexes, the fate of CD3{ after TCR internalization
appears o determine the destiny of the entire TCR complex,
l.e., recycling or degradation. SLAP-deficient DP thymocytes
expressed increased amounts of CD3C, but not TCRx, TCRp
or CD3e, and elevated surface TCR expression as compared
with wild-type DP thymocytes (Myers et al., 2005), indicating
that the surface TCR expression in DP thymocytes is dependent
on CD3Y expression. Conversely, forced expression of SLAP and
¢-Cbl in Jurkat T cells resulted in decreased surface TCR, and
the ability of various SLAP and c-Cbl mutants to downregulate
surface TCR correlated with their ability to induce CD3Z degra-
dation (Myers et al., 2006). Together, these observations deman-
strate that CD3t is an important component that regulates sur-
face TCR expression and T cell function. It remains largely
unclear, however, how CD3L is targeted to the lysosomes and
whether any lysosomal proteins are involved in its degradation.

During the course of identifying genes whose expression was
downregulated upon B and T cell activation, we previously iso-
lated a mouse gene and named it Clasté (for CD40-ligand-acti-
vated specific transcripts) (Seimiya et al., 2003). Clast6 turned
oul to be identical to the hematopoietic-specific genes LAPTMS
and Laptm5, identified in human and mouse, respectively (Adra
et al., 1996; Scott et al., 1996). LAPTMS is a lysosomal protein
that contains five membrane-spanning segments, three polypro-
line-tyrosine (PY) motifs (L/PPxY), which are known to bind WW
domains involved in protein-protein interactions, and a ubigquitin-
interacting motif (LxxAlLxxSxxE) in the C terminus (Adra et al.,
1996; Hotmann and Falquet, 2001, Pak et al., 2006). In a separate
expression-cloning approach to identify genes that are involved
in TCR signaling, we also isolated a 294 bp fragment that en-
coded the 98 N-terminal amino acids of LAPTM5, When fused
with the extracellular domain of CD8, this short peptide induced
NF-AT activation in response to CD8 crosslinking, suggesting
a role for LAPTMS in regulating T cell activation (unpublished
data). To explore its physiological role in the immune system,
here we have generated and analyzed Laptm5-gene-targeted
mice. Our results demanstrate that LAPTMS5 negatively regulates
TCR signaling by promoting CD3Y degradation,

RESULTS

Generation of LAPTMS-Deficient Mice

Laptm5 is preferentially expressed in lymphoid tissues and
transiently downregulated upon T and B cell activation (Fig-
ure S1 available online). We therefore employed a conventional
approach to inactivate the Laptm5 gene. We designed a target-

34 Immunity 29, 33-43, July 18, 2008 ©2008 Elsevier Inc.
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ing vector to replace the first exon, which contains the transla-
tional initiation codon, and B59 bp of the promoter region, with
a neo gene (Figures S2A and S2B). Homologous recombination
in Bruced embryonic stem cells (ESCs) was verified by long-
range genomic PCR analysis with primers flanking the 5
(s157459) and 3' (as169968) arms and neo primers (neos and
neoas) (Figures S2B and S2C). The neo insertion and the geno-
types of the gene-targeted mice were monitored by genomic
PCR (Figure S2D). Immunoblot analysis revealed LAPTMS pro-
tein expression in wild-type but not Laptm5™' thymocytes
(Figure S2E). To further verify the lack of LAPTMS protein expres-
sion in the Laptm5~'~ mice, we performed immunocytological
staining of purified spleen T cells. Punctate LAPTMS staining
was clearly evident in the cytoplasm of wild-type but not
Laptm5~'~ T cells (Figure S2F). These results demonstrate the
successful inactivation of the Laptm5 gene.

Laptm5 '~ T Cells Exhibit Elevated Responses

to CD3 Stimulation

Fluorescence-activated cell sorting (FACS) analysis of bone
marrow, thymus, and spleen cells from more than seven pairs
of wild-type and Laptm5~'~ mice showed no evident differences
inthe B and T cell populations (Figure S3), indicating that
LAPTMS deficiency had no effect on lymphocyte development
and maturation. We next examined lymphocyte function by ana-
lyzing the proliterative responses of purified B and T cells to var-
lous activation signals in vitro. B cells responded normally to
different doses of IgM antibodies, CD40 ligand, and lipopolysac-
charide (LPS) (Figure S4). However, splenic T cells consistently
exhibited increased proliferation, as measured by [aH] thymidine
uptake (Figure 1A), and elevated production of IL-2 and IFN-y
(Figure 1B) in response to CD3 stimulation as compared with
wild-type T cells. To examine the response of individual T cells,
we analyzed cell division by a carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE) assay and cytokine production by intra-
callular staining. Laptm5 ™'~ T cells underwent more cell divisions
(Figure 1C, left panel) and a larger fraction of the cells expressed
IFN-y {Figure 1C, right panel) compared with wild-type T cells
(wild-type, 11.5% = 1.7%; Laptm5~'~, 18.2% =+ 1.0%, p <
0.05), consistent with the increased [*H] thymidine uptake and
cytokine secretion observed at the population level. However,
the intracellular levels of IFN-y on a per-cell basis were increased
only marginally in Laptm5~'~ T cells (mean fluorescence inten-
sity: wild-type, 55.2 + 4.6; Laptm5™/", 68.3 + 9.3, p > 0.2;
Figure 1C, right panels), indicating that the maximum response
of individual cells was not significantly enhanced in Laptm5 ™/
T cells. Therefore, the increased proliferation and cytokine pro-
duction in Laptm5 ™~ T cells are more likely due to sustained ac-
tivation rather than hyperactivation of individual cells. To investi-
gate whather the elevated proliferation was due to increased IL-2
production, we first examined CD3-mediated proliferation in the
presence of diferent doses of IL-2. The exogenously added IL-2
increased proliferation in both wild-type and Laptm5~"~ T cells,
although the enhancing effect plateaued at about 10 U/mi of
IL-2 (Figure 1D, left panel). Even at high doses of IL-2,
Laptm5~'~ T cells still exhibited elevated proliferation after
CD3 stimulation, indicating that the enhanced proliferation was
not an indirect effect of increased IL-2 production. In keeping
with that interpretation, Laptm5~"" T cells responded to CD3
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We next examined delayed-type hypersensitivity (DTH), an im-
mune response mediated primarily by CD4" T cells. Mice were
sensitized subcutaneously with methylated bovine serum albu-
min (BSA) in complete Freund's adjuvant (CFA). Seven days after
the sensitization, mice were challenged with the same antigen in
one footpad, and the footpad swelling was measured. Both wild-
type and Laptm5~'~ mice exhibited a similar increase in footpad
swelling on day 1 after antigen challenge (Figure 1F). However,
the footpad swelling quickly subsided in wild-type mice, but
persisted in Laptm5 ' mice (Figure 1F), indicating that
Laptm5 '~ T cells had an abnormally prolonged response to
antigen stimulation,

Reduced TCR Downmodulation in Laptm5 '~ T Cells

To explore the mechanism for the hyperresponsiveness to CD3-
mediated signaling, we first compared cell-surface TCR expres-
sion between wild-type and Laptm5 ™'~ spleen T cells and found
no differences (Figure 2C, 0 hr) indicating that this phenotype
was not due to increased expression of the TCR in Laptm5~'~
T cells. In addition, wild-type and Laptm5 '~ T cells exhibited
a similar Ca®* response after CD3 stimulation (Figure 2A), sug-
gesting that early signaling events, including the activation of
PLC-y¥1 that is essential for Ca®* mobilization, were not en-
hanced in the absence of LAPTMS5. Consistent with the normal
Ca®* response, CD3 stimulation of wild-type and Laptm5 '~ T
cells induced a similar magnitude and pattern in both the overall
protein tyrosine phosphorylation and the phosphorylation of
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cytokine production in Laptm5~"" T cells
suggested that TCR signaling may not
be appropriately terminated. One potential mechanism to turn
off TCR signaling is by receptor downmodulation. We therefore
analyzed anti-CD3-induced TCR downmodulation and re-ex-
pression. Splenocytes were stimulated with plate-bound anti-
CD3, and the TCR was examined by flow cytometry. As shown
in Figure 2C, cell-surface TCR was downregulated by CD3 stim-
ulation both in wild-type and Laptm5 =/~ T cells. After & hr of stim-
ulation, however, Laptm5~'" T cells expressed higher amounts
of cell-surface TCR. This increase in the TCR expression per-
sisted at 12 hr and 24 hr, and even at 48 hr, after stimulation,
The increased expression of TCR was consistently observed
in seven independent experiments (Figure 20). These results
demonstrate that Laptm5~'~ T cells respond normally during the
immediate early phase of CD3 stimulation but exhibit prolonged
responses, probably as a result of reduced downmodulation
of the TCR.

Reduced Degradation of CD3¢ in Laptm5~'~ T Cells
The higher expression of surface TCR in Laptm5 '~ T cells rela-
tive to wild-type T cells after CD3 stimulation could be due to im-
paired TCR internalization, enhanced recycling of the internal-
ized TCR back to cell surface, or impaired TCR degradation.
To distinguish among these possibilities, we first examined
TCR internalization and found that Laptm5~'~ T cells internali-
zed TCR with exactly the same kinetics as wild-type T cells
(Figure 3A). In addition, Laptm5 '~ T cells showed no evidence
of enhanced recycling of the internalized TCR (Figure 3B). These
results suggest that the elevated TCR expression observed in
Laptm5~'~ T cells after CD3 stimulation could be due to impaired
degradation of the internalized TCR.

The TCR has been shown to be degraded in lysosomes, and
the lysosomal localization of LAPTM5 is consistent with
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a possible role in TCR degradation. Because CD3Y is a critical
component in TCR metabolism, we examined its degradation
in spleen T cells after stimulation with plate-bound anti-CD3.
CD3Y protein levels decreased both in wild-type and Laptm5
T cells and reached the lowest levels at 12 hr after stimulation.
However, Laptm5~'~ T cells expressed slightly higher amounts
of CD3% compared with wild-type T cells (Figure 3C), suggesting
that CO3L degradation was reduced. The reduction in protein
degradation appeared to be CD3(-specific because the expres-
sion of CD3k, CD34, and CD3y decreased with a similar kinetics
in wild-type and Laptm5~" T cells (Figure 3C). Similar results
were obtained in seven independent experiments (Figure 3D).

An increase in CD3L protein expression has been observed in
DPF thymocytes lacking either c-Cbl or SLAP, and in both cases
there was elevated cell-surface TCR on CD4*'CD8" DP but not
CD4* or CD8* SP thymocytes (Sosinowski et al., 2001; Nara-
mura et al., 1998, Myers et al., 2005, 2006). We therefore first
compared cell-surface TCR expression on thymocyte subpopu-
lations between wild-type and Laptm5 '~ mice. We have exam-
ined seven pairs of wild-type and Laptm5~'~ mice, and in every
case we observed a small but consistent increase in cell-surface
TCR on Laptm5 '~ DP but not SP thymocytes (Figure 3E). As
was the case for c-Cbl or SLAP deficiency, Laptm5 ™'~ DP thy-
mocytes expressed increased amounts of total cellular CD3Y
(Figure 3F). In contrast, there was no difference in the amount
of CD3c between wild-type and Laptm5~'~ DP thymocytes
(Figure 3G), indicating that LAPTM5 deficiency specifically af-
fected the protein expression of CD3L at the DP stage of thymo-
cyte differentiation. These results demonstrate that LAPTMS is
involved in CD3% degradation both in anti-CD3-stimulated
spleen T cells and in DP thymocytes.

performed a series of expenments in

2B4 T calls. Previous studies have dem-
onstrated that cell-surface TCR expression in 2B4 cells is quan-
titatively dependent on the amounts of CD3% (D'Oro et al., 2002).
We transduced 2B4 cells with retrovirus expressing LAPTMS-
IRES-GFP (LAPTMS) or IRES-GFP alone (GFP) as a control
and sorted the GFP-positive population. FACS analysis revealed
reduced surface TCR expression (Figure 4A, left panel), and im-
munoblot analysis demonstrated an ~50% reduction in CD3¢
protein amounts (Figure 4A, right panel) in cells expressing
LAPTMS as compared with cells expressing GFP. Notably, the
amount of the CD3c was unaffected by LAPTMS expression
(Figure 4A, right panel), demonstrating that LAPTMS in T cells
specifically targets the endogenous CD3Z for degradation.

We further examined cytokine production by 2B4 cells ex-
pressing LAPTMS or GFP. Remarkably, IL-2 production induced
by CD3 stimulation was strongly inhibited in 284 cells expressing
LAPTMS (Figure 4B, left panel). This profound inhibition of cyto-
kine production was specific to TCR-mediated signaling be-
cause PMA plus onomycin induced a similar amount of IL-2 in
both transductants (Figure 4B, right panel). In addition, introduc-
tion of exogenous CD37 restored both surface TCR (Figure S5A)
and T cell response to CD3 stimulation (Figure S58) in LAPTMS-
expressing 2B4 cells, demonstrating that LAPTMS downmodu-
lates surface TCR and inhibits TCR signaling by targeting CD3Z
for degradation.

To ensure that the results obtained in 2B4 T cells were not
a cell-line artifact, we further analyzed LAPTM5-mediated TCR
downmodulation in normal spleen T cells (Figure 4C). We first
stimulated T cells for 24 hr with plate-bound anti-CD3 plus
anti-CD28. This treatment induced rapid cell division and al-
lowed us to simultaneously transduce two different retroviruses
expressing either LAPTMS5-IRES-nCD8 or CD3:-IRES-GFP,
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After retroviral transduction, the cells were further cultured in the
presence of plate-bound anti-CD3 for 24 or 48 hr and then
analyzed for cell-surface TCR expression on the gated pop-
ulation. Cells that were not transduced with either virus
(LAPTM5-CD3Y ", 88.7%) expressed reduced amounts of sur-
face TCR (orange line, middle panel) as compared to uncullured
resting T cells (dotted line), which represented normal TCR
downmodulation induced by CD3 stimulation. Cells transduced
with LAPTMS alone (LAPTMS*CD3% ", 3.7%) further downmodu-
lated their surface TCR (blue line, middle panel) when compared
to nontransduced cells (orange line). This further downmodula-
tion, however, was completely restored by coexpression of
CD3C {LAPTM5°CD3L", green line). Similar results were obtained
in two additional independent experiments, and the average
TCR expression (+ standard deviation [SD]) is shown in
Figure 4C (nght panel). These results provide compalling ewi-
dence that LAPTMS downmodulates surface TCR by targeting
CD3Y for degradation both in a T cell hybridoma and in normal
spleen T cells.

TCR Downmodulation Requires the PY Motifs

and the UIM of LAPTMS

To determine which domains of LAPTMS are needed to down-
modulate surface TCR, we generated a series of LAPTMS-
IRES-GFP constructs (Figure S6A) and transduced into 2B4
cells. Surface TCR expression was analyzed on GFP* versus
GFP~ cells by flow cytometry (Figure S6B). Whereas mutation
of the first PY maotif (mPY1) did not affect the function of LAPTM5,
mutation of the third PY motif (mPY3) eliminated the ability of
LAPTMS to downmodulate TCR (Figure 5A). Mutation of the sec-
ond PY motif (mPY2) also abolished the ability to downmodulate
TCR. However, because mPY2 was poorly expressed in 2B4
cells (Figure 5B}, it is unclear whether the lack of TCR downmo-
dulation was solely attributable to the lack of PY2 motif. It should
be noted that the mPY2 mutant as well as other constructs could
be efficiently expressed in 293T cells (not shown), Mutation of
the ubiquitin-interacting motif (mUIM) also decreased the ability
of LAPTMS to downmodulate TCR (Figure 5A). Unexpectedly,
when the three PY motifs were all mutated (mPY1-3) and
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expressed in 2B4, not only was surface TCR not downmodu-
lated, but instead it was upregulated three times as much as
that on wild-type 2B4 cells (Figure 5A). These observations sug-
gest the possibility that mPY1-3 mutant may function as a dom-
inant-negative protein that interferes with additional pathways of
TCR downmodulation,

LAPTMS and CD3Z Interact and Colocalize in Lysosomes
Because lysosomal activity is required for LAPTM5-mediated
CD3L degradation (data not shown), we next investigated
whether these two proteins might interact in the lysosomal com-
partment. We stained spleen T cells belore and after CD3 stim-
ulation with anti-CD3, anti-LAPTMS5, and anti-LAMP1 to identify
lysosomes. In unstimulated T cells, LAPTMS was localized in ly-
sosomes and CD3Z was at the perimembrane region (Figure BA,
upper panels). However, after CD3 stimulation, a fraction of the
CD3r transiocated to the lysosomes, where it colocalized with
LAPTMS (Figure 6A, lower panels). To investigate whether
LAPTMS and CD3Y interact, we prepared lysates from 2B4 cells
expressing both LAPTMS and CD3Z by using a mild detergent,
digitonin, and immunoprecipitated LAPTMS. Immunoblot analy-
sis of the immunoprecipitates reproducibly detected the CD3Y
chain (Figure 6B and Figure S7). Curiously, much less CD3t
was detected compared to the amount of LAPTMS. These
results demonstrate that LAPTMS and CD3Y, interact in the lyso-
somal compartment in T cells.

DISCUSSION

We have identified a lysosomal protein that negatively regulates
surface TCR expression and T cell activation. LAPTMS functions
to downmodulate cell-surface TCR expression on DP thymo-
cytes during T cell development and on peripheral T cells after
CD3 stimulation. Deficiency in LAPTMS results in elevated prolif-
eration and cylokine production by T cells in response to CD3
stimulation in vitro, enhanced ex vivo responses, and prolonged
DTH responses in vivo. Conversely, enforced expression
of LAPTMS results in reduced surface TCR amounts and
reduced cytokine production. These results illustrate a unique
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both LAPTMS-dependent and -independent pathways mediate
its degradation. The finding that overexpression ol LAPTMS
alone caused a reduction of CD3L and a complete inhibition of
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